This chapter describes a mass spectrometry-based strategy that facilitates the unambiguous identification and characterization of proteins modified by lipid peroxidation-derived 2-alkenals.
Introduction
Reactive oxygen species are constantly generated within cells, for instance, by environmental insults (e.g. UV light), metal-catalyzed reactions, as products of the inflammatory response in neutrophils and macrophages and as a byproduct of oxidative phosphorylation. The production of ROS and derived secondary products are largely counteracted by an intricate antioxidant system. The extent of imbalance between ROS production and removal by cellular antioxidant defenses determines the degree of oxidative stress (Beckman and Ames, 1998; Finkel and Holbrook, 2000) .
Non-enzymatic peroxidation of polyunsaturated fatty acids (PUFA) present in membranes and lipoproteins results in the formation of reactive aldehydes (Esterbauer et al., 1991) . For example, radical mediated hydrogen abstraction and oxidation of the prototypic ω-6 PUFA linoleic acid results in the formation of a set of unsaturated hydroperoxides: 13-hydroperoxy-octadecadienoic acid (13-HPODE) and 9-hydroperoxy-octadecadienoic acid (9-HPODE). Subsequent oxidative cleavage results in the formation of 2-alkenals that contain the ω-tail of the PUFA or retain the carboxyl terminus (Esterbauer et al., 1991; Sayre et al., 2006) .
Examples of α,β-unsaturated aldehydic lipoxidation products derived from linoleic acid are a) 4-oxo-2-noneal and 4-hydroxy-2-nonenal, and b) the carboxy terminating aldehydes 9,12-dioxo-10-dodecenoic acid (DODE) and 9-hydroxy-12-oxo-10-dodecenoic acid (HODA) (Sayre et al., 2006; . The latter carboxylated alkenals remain usually esterified to the phospholipid but can be liberated by lipases ).
This chapter describes a chemical labeling approach in combination with mass spectrometry to facilitate the unambiguous identification and characterization of proteins modified by lipid peroxidation-derived 2-alkenals. The approach is based on selective labeling of aldehyde/keto groups present in oxidatively modified proteins and the subsequent targeted analysis of the modified proteins by liquid chromatography-tandem mass spectrometry (LC-
MS/MS).

Modification of proteins by aldehydic lipid peroxidation products
Protein adduct formation is predominately caused by 1,4-Michael-type addition of α,β-unsaturated aldehydes to nucleophilic side chains, e.g. the cysteine thiol, the histidine imidazol moiety and the ε-amino group of lysine residues (Berlett and Stadtman, 1997; Sayre et al., 2006) .
Representative Michael-type adducts of 4-hydroxy-2-alkenals are given in Figure 1A . In addition, in vitro studies with arginine-containing peptides have demonstrated that ONE can form adducts with the guanidinyl side chain (Doorn and Petersen, 2003; Oe et al., 2003b) . Model studies at the amino acid level indicated that the Michael adduct reactivity of HNE and ONE declines in the following order: Cys >> His > Lys (> Arg for ONE) (Sayre et al., 2006) . Uchida et al. reported that the modification of lysine residues by 2-enals resulted in the formation of N ε -(3-formyl-3,4-dehydropiperidino)lysine (FDP-lysine) derivatives (Furuhata et al., 2002; Ichihashi et al., 2001 ) ( Figure 1B ). FDP-lysine functions as electrophile in the reaction with glutathione (Furuhata et al., 2002) and retains a free aldehyde group which should make the FDP-lysine-containing protein amenable to the described chemical labeling approach. The Sayre group reported that the long-lived ONE-derived adduct of lysine residues is actually a 4-ketoamide adduct rather a Michael adduct (Zhu and Sayre, 2007) . Because DODE and ONE share the same 4-oxo-2-enal functional element, adduct formation of DODE with the ε-amino group of lysine may also yield ketoamide adducts ( Figure 1C ). Ketoamide adducts retain the keto functionality and, therefore, our strategy to chemically tag the aldehyde/keto group in oxidatively modified proteins by utilizing an aldehyde/keto reactive hydroxylamine-functionalized biotin derivative should be applicable to these long-lived protein modifications. LPO-derived 4-hydroxy-and 4-oxo-2-alkenals Michael protein adducts can also further engage in protein cross linking resulting in the loss of the carbonyl functionality (Stewart et al., 2007; Zhang et al., 2003) .
Redox proteomics of protein targets of reactive lipid peroxidation products
Many studies have been reported that use a gel-based redox proteomics approach to identify protein targets using a combination of 2D gel electrophoresis, immuno staining or oxyblots, image analysis, in-gel digestion followed by mass spectrometry-based protein identifications in cultured cells, organelles and tissues (Butterfield and Sultana, 2008; Chung et al., 2009; Reed et al., 2009; Sultana et al., 2009) . Although these studies commonly provide only putative protein identifications, they provide good starting points for in depths studies of distinct proteins in order to determine the site and the functional consequences of an aldehydic modification (Carbone et al., 2005; Eliuk et al., 2007; Roede et al., 2008) .
Mass spectrometry-based approaches for the identification and characterization of protein adducts of aldehydic lipid peroxidation products
Gel-free mass spectrometry-based proteomics studies have emerged that attempt to characterize protein targets of aldehydic modifications in complex biological systems. These strategies focus on covalently tagging of oxidatively modified protein and their subsequent targeted analysis by tandem mass spectrometry (Table 1) (Chavez et al., 2006; Codreanu et al., 2009; Danni et al., 2007; Han et al., 2007) . Alternative approaches utilize solid phase capture of protein-HNE adducts in conjunction with LC-MS/MS analyses for obtaining protein and modification site identifications (Roe et al., 2007) . In addition, reactive HNE surrogate probes have been developed that allow biotin/streptavidin catch and photorelease of protein-HNE adducts employing ex vivo click chemistry (Kim et al., 2009; Vila et al., 2008) . (Han et al., 2007) and a biotinylated hydroxylamine derivative, N'-aminooxymethylcarbonylhydrazino D-biotin (aldehyde-reactive probe, ARP) for the derivatization, enrichment and mass spectrometric characterization of oxylipid-modified proteins (Chavez et al., 2006) . The hydroxyl amine group of ARP forms with the aldehyde/keto groups present in lipoxidation-derived protein adducts aldoxime/ketoxime derivatives which are sufficiently stable for the subsequent analysis by LC-MS/MS (Figure 2 ). This contribution details a gel-free mass spectrometry-based strategy to unambiguously identify and characterize protein adducts of α,β-unsaturated aldehydes based on our recently introduced ARP labeling strategy ( Figure 3) . We demonstrate the utility of this method to determine mechanisms of oxidative protein insult at the molecular level in proteins, cellular and tissue samples.
Experimental strategy of using an aldehyde/keto reactive probe for the targeted analysis of protein adducts of aldehydic lipid peroxidation products
Only tandem mass spectrometric approaches allow for unambiguous assignments of protein adducts because these techniques enable the localization of the modification to a specific residue and provide mass assignments for the modifying entity. The targeted tandem mass spectrometry-based analysis of aldehydic protein adducts using an aldehyde/keto-specific probe involves four steps: I) chemical tagging of proteins that contains the aldehydic modification using the aldehyde/keto reactive probe; II) proteolysis, III) an enrichment step that involves capture of the chemically tagged aldehydic oxylipid adduct and subsequent release of the tagged peptide adduct and IV) LC-MS/MS analysis of the peptide adduct ( Figure 3 ). This strategy allows the unambiguous assignment of the modified peptide including mass information on the nature of the α,β-unsaturated aldehyde and the localization of the aldehydic modification to a partial sequence, in many cases, to a distinct residue. Figure 4 outlines the experimental workflow for the ARP-labeling strategy. The ARP labeling strategy is applicable to distinct protein systems, cellular systems as well as to complex biological matrices to identify and characterize low-abundance protein adducts of lipoxidation-derived aldehydes. The targeted nature of the analyses should allow obtaining more complete data on the distribution of oxidative protein modifications caused by LPO-derived aldehydes in biological samples, a prerequisite for the successful conduction of proteome-wide studies for investigating and accessing proteinoxylipid adducts under condition of oxidative stress associated with certain diseases and aging.
ARP labeling of aldehydic protein adducts of 2-alkenals and tryptic proteolysis
The ARP labeling reaction of Michael-type protein adducts of 2-alkenals is carried out by using a final ARP (Dojindo Laboratories, Kumamoto, Japan) concentration of 2.5-5 mM in 10 mM sodium phosphate buffer, pH 7.4, for 1-2 hr at room temperature. Unreacted ARP is removed by using centrifugal ultrafiltration units (Biomax (Millipore) or Microcon (Amicon) units, both with 10-kDa MWCO) or gel filtration columns (Zeba desalting spin column, 7-kDa MWCO, Thermo/Pierce). In the case of protein model studies, ARP-labeled aldehydic protein adducts can be chromatographically isolated and subjected to mass analysis. In order to determine the site of modification, protein samples are subjected to digestion with trypsin (E:S 1:50, modified trypsin, Promega) overnight at 37 o C.
Enrichment of ARP-labeled peptide adducts using biotin avidin affinity chromatography
Peptides containing the ARP label are captured on monomeric avidin affinity columns (Ultralink monomeric avidin, Thermo/Pierce) as described (Chavez et al., 2006) . Briefly, monomeric avidin beads are packed into a 0.5 ml Handee mini-spin column (Thermo/Pierce) and prepared for the capture/release protocol according to the manufacture's instruction. Peptide digests are passed over the avidin beads whereby the ARP-labeled peptides are captured. Non-specific and non- In order to prepare the fraction containing the ARP-labeled peptides for MALDI-MS/MS analysis, the peptides are loaded onto a trap cartridge, back-flushed onto a PepMap C 18 column (150 x 75 µm inner diameter, mm), chromatographically separated and spotted to stainless steel MALDI target plate using a Dionex/LC Packings Ultimate nanoLC system coupled to a Probot TM target spotter. Gradient elutions have to be tailored to the respective peptide sample.
For most peptide separations, a binary gradient system can be used that consists of solvent A, 0.1% aqueous trifluoroacetic acid (TFA) containing 5% acetonitrile, and solvent B, 80% aqueous acetonitrile containing 0.1 % TFA. Peptides are eluted using a linear gradient with a slope of 0.8%/min over 60 min. The eluate is continuously mixed with the MALDI matrix solution (2 mg/mL α-cyano-4-hydroxycinnamic acid in 50% aqueous acetonitrile containing 0.1% TFA) and spotted onto a 144-spot MALDI target. The spotting time is typically set to 20 seconds but depends on the complexity of the peptide sample.
ESI qTOF instrument: For the described peptide LC-MS/MS analyses, the electrospray source is operated in the positive mode with a spray voltage of 3.5 kV. The mass spectrometer is operated in data-dependent acquisition mode: a 0.6s a survey scan is followed by a 2.4-second period in which MS/MS analyses on the three most abundant precursor ions detected in the survey scan are acquired. A 60-second dynamic exclusion of previously selected ions is used. LTQ-FT Ultra: For the described analyses, the instrument was equipped with a Michrom ADVANCE electrospray ionization source and coupled to a capillary HPLC (CapLC, Waters).
Peptide mixtures are separated on C 18 column (Agilent Zorbax 300SB-C 18 , 250 x 0.3 mm, 5 µm) using a flow rate of 4 µL/min with a binary solvent system consisting of solvent A, 0.1% formic acid, and solvent B, 0.1% formic acid in acetonitrile.
The electrospray ionization source voltage is set to 1.8 kV. The LTQ-FT mass spectrometer is operated in a data-dependent MS/MS acquisition mode. Full scan mass spectral data from 400-1800 m/z with the resolving power set to 100,000 at m/z 400 is obtained by using the ICR cell (AGC target 1 × 10 6 ions; maximum ion accumulation time, 1000 ms). MS/MS data of the five most abundant doubly or triply charged ions detected in the full scan survey MS experiment is acquired by using the linear ion trap. For precursor ion selection an isolation width of ± 2 Th is used. An AGC target value of 3 × 10 5 ions and a maximum ion accumulation time of and three microscans are acquired per spectrum. Previously selected ions are excluded from further sequencing for 60 s.
Searching of MS/MS data against protein sequence databases for the identification of peptide sequences and peptide adducts
There are numerous software tools available to aid the interpretation of fragment ion spectra to obtain peptide identifications. Dependent on the instrument with which the fragment ion mass spectral data have been acquired, software tools will facilitate the transformation of the instrument-specific data files in peaklist files that are suitable for processing using the different bioinformatic software packages available.
The mass spectral data discussed in this contribution were processed using MASCOT (Matrix Sciences, Inc.) (David et al., 1999) . Instrumentation-independent search parameters include choice of database (e.g. for the discussed data, SwissProt database limited to human or rodentia) and proteolytic processing (e.g. Trypsin/P was selected as the digesting enzyme allowing for the possibility of one missed cleavage site). The instrument-dependent search parameters include instrument type and the respective mass tolerances. For MALDI-ToF/ToF and ESI qTOF MS/MS data the following settings were used: precursor ion tolerance ± 100 ppm and fragment ion tolerance ± 0.1 Da. For data acquired on the LTQ-FT instrument, the precursor ion mass tolerance was set to 10 ppm and the fragment ion tolerance to 0. Applications of the ARP labeling strategy Figure 5 summarizes the typical analytical stages of the ARP method illustrated on the modification of a model protein by HNE and the subsequent characterization of the resulting product (Chavez et al., 2006) . In Figure 5A , the MALDI mass spectrum of the model protein Da between the y 12 and y 13 -ion (monoisotopic residue mass for His-HNE-ARP 606.29
(C 27 H 42 N 8 O 6 S)) ( Figure 1D ).
We recently reported the unambiguous identification of the major protein targets of HNE exposure in human monocytic THP-1 cells. Employing the ARP labeling strategy, 18 peptides were identified with ARP-HNE modification to distinct cysteine or histidine residues. The majority of the identified protein targets of HNE were cytoskeletal proteins, proteins involved in glycolysis, metabolic processes and RNA binding and regulation of translation (Chavez et al., 200x) . The use of high resolution mass spectrometers that provide high mass accuracy for the characterization of complex peptide mixture becomes increasingly popular. The confidence in the identification of a peptide is increased by accurately measuring the mass of a peptide. This is of particular relevance for the ARP-labeling strategy because identification is based on the correct assignment of a single peptide adduct. Figure 6 features the type of data that are obtained using a hybrid linear quadrupole ion trap/FT ICR (LTQ-FT) mass spectrometer for the identification of HNE-modified peptides. Accurate determination of peptide masses was achieved using the FT-ICR MS, whereas MS/MS data were acquired using the linear ion trap.
For instance, Figure 6 depicts the mass spectral data that led to the assignment of Cys- The applicability of the ARP labeling strategy to complex biological mixtures is illustrated on the identification of in vivo Michael-type protein adducts of LPO-derived aldehydes in mitochondria isolated from rat heart. Our studies repeatedly identified as target site of HNE the Cys-166 residue in long-chain-specific acyl-CoA dehydrogenase (ACADL-RAT;
Swiss-Prot P15650) (Chavez et al., 2006) . Several distinct adduction sites to constituents of the respiratory complexes were identified and characterized by tandem mass spectrometry. For example, the MALDI mass spectra depicted in Figure 7 provided the basis for the identification of a modification 'hot spot' of Complex III subunit 2 of the electron transport chain (UQCR2_RAT; Swiss-Prot P32551). Note, in this example, the peptide derived from the core 2 protein of Complex III was found to be susceptible to modification by different α,β−unsaturated aldehydes on the Cys-191 residue. This level of information describing site-specific protein modifications by endogenous lipid peroxidation products is exclusively achievable by tandem mass spectrometry-based strategies.
Darley-Usmar and colleagues demonstrated that the cyclopentenone-containing electrophile 15-deoxy-∆ 12,14 -prostaglandin J 2 (15d-PGJ 2 ) modulates cell death pathways and induces apoptosis in liver mitochondria (Landar et al., 2006) . Using a biotinylated 15d-PGJ 2 derivative they were able to identify several putative mitochondrial targets of 15d-PGJ 2 , of which two seem to be relevant to triggering the permeability transition pore and leading to apoptosis:
the adenine nucleotide translocase (ANT) and ATP-synthase. ANT shuffles ATP from the mitochondrial matrix to the cytosol and functions as one of the modulators of the pore opening process in which ANT thiols are proposed to serve as redox-sensitive sensors . We reported recently that ANT is a major target of acrolein adduction and identified the cysteine residue in position 256 as site of modification (Han et al., 2007) . It seems plausible that cysteine modification by electrophilic lipids promotes activation of ANT (Dmitriev, 2007) . Electrophile stress potentiates opening of the mitochondrial permeability transition pore (PTP) under conditions of elevated Ca 2+ levels in the mitochondrial matrix (Brookes et al., 2004) . Elevated Ca 2+ levels result in upregulation of the oxidative phosphorylation machinery including the ATP synthase to meet the increased demands of ATP during apoptosis (Nicotera et al., 1998) . Enhanced respiratory chain activity may lead to increased levels of ROS production and, concomitantly, lipid peroxidation. We identified several sites in subunits of ATP synthase that were modified by acrolein: Cys-294 in ATPase α-chain, Further work is needed to determine the mechanisms by which α,β-unsaturated aldehydes and other electrophiles modulate mitochondrial processes and function.
Interpretation of MS/MS spectra of protein adducts and the use of diagnostic marker ions
Mass spectrometric studies of protein and peptide adducts of lipid aldehydes have been conducted using many different instrument types. Mass spectral analyses of proteins modified by diverse LPO-derived aldehydes indicate that Michael adducts of 4-hydroxy-2-alkenals on Cys and His seem to be sufficiently stable to a wide range of experimental conditions and can be readily observed without reductive stabilization or other derivatizations (Rauniyar et al., 2008; Roe et al., 2007; Roede et al., 2008; Shonsey et al., 2008; Williams et al., 2007) . In contrast, the Michael adduct of HNE on Lys residue has been observed exclusively after reductive stabilization using sodium borohydride (NaBH 4 ) (Lin et al., 2005) . Studies of model proteins modified in vitro by α,β-unsaturated aldehydes indicate the potential of using proteolytic analyses in conjunction with mass spectrometry to identify and characterize crosslinks caused by LPO-derived aldehydes (Liu et al., 2003; Oe et al., 2003a) .
Besides facilitating avidin affinity-based enrichment, the derivatization of protein adducts Figures 5D and 7) . The observation of ions that relate to fragmentation involving the ARP-lipid aldehyde moiety may therefore serve as diagnostic marker ions in the interpretation of tandem mass spectra of peptide adducts of lipid aldehyde.
Noteworthy, Prokai and coworkers explore the high propensity of aldehydic protein adducts to undergo neutral loss fragmentation via retro Michael addition reaction for neutralloss-dependent MS 3 strategies to facilitate large-scale analyses of these protein modifications (Rauniyar et al., 2008) .
Conclusion
This chapter summarizes our ongoing efforts to develop and apply chemical labeling approaches in combination with tandem mass spectrometry to determine protein targets of in vivo oxidative stress. Here, an experimental approach is described that enables the unambiguous identification and characterization of proteins modified by lipid peroxidation-derived 2-alkenals. This approach employs a biotinylated hydroxyl amine derivate as aldehyde/keto reactive probe in conjunction with selective enrichment and tandem mass spectrometric analysis. Model studies allow studying the chemistry of LPO-derived aldehydes and properties of the resulting peptide and protein adducts in mass spectrometry-based sequencing studies. Methodological details are
given for an exposure study of a cell culture system with HNE that yielded the major protein targets of HNE in human monocytic THP-1 cells. The utility of the ARP-labeling approach is also demonstrated for the identification and characterization of endogenous mitochondrial protein targets of aldehydic lipid peroxidation products. The diverse applications indicate that the described method can possibly be equally well applied to the target analysis of other aldehydic addition products, such FDP-lysine and 4-keto-amide lysine residues.
Which factors direct the modification of proteins by LPO-derived aldehydes under physiological conditions? A few reports have appeared that started the discussion to what extent do protein structural parameters govern the sensitivity of distinct sites towards modification by LPO-derived aldehydes and other toxic electrophiles. A scenario is emerging in which the dielectric constant, surface accessibility and the modulation of the nucleophilicity and basicity of a certain residue by its microenvironment may govern the propensity of a distinct site to modifications by electrophiles (Roe et al., 2007; Sayre et al., 2006) . In this context, various alkylating reagents have been employed to determine preferred target sites of modifications (Marley et al., 2005; Shin et al., 2007; Wong and Liebler, 2008) . We explored the use of a sterically demanding butyltriphenylphosphonium group as a chemical tool for the identification of mitochondrial protein thiols that exhibit a large degree of surface accessibility (Marley et al., 2005) . In this study, Cys-385 of aconitase was readily alkylated by (4-iodo)butyltriphenylphosphonium iodide (IBTP). The same cysteine residue was also found to be susceptible to modification by another alkylation reagent and has been identified to be modified by acrolein in rat cardiac mitochondria (Figure 8 ). The same cysteine residue was also described as being susceptible to oxidative modification by peroxynitrite (Han et al., 2005) . The compilation of reactivity parameters for distinct sites that show high reactivity towards electrophilic agents may provide the foundation for future attempts to predict protein susceptibility to these modifications.
To conclude, the ARP labeling method is a versatile analytical strategy for the identification and characterization of carbonyl-containing protein adducts of lipid peroxidation products. We further anticipate that our approach may also find some applicability in the area of oxidative stress insults by metal-catalyzed oxidations (Maisonneuve et al., 2009; Mirzaei and Regnier, 2005; Mirzaei and Regnier, 2007) .
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